This study used cluster analysis to examine variability in Trail Making Test (TMT) performance in a sample of Operation Enduring Freedom/ Operation Iraqi Freedom/Operation New Dawn (OEF/OIF/OND) veterans referred for mild traumatic brain injury (mTBI). Three clusters were extracted, two of which were characterized by level of performance and the third with a unique performance pattern characterized by slow performance on the TMT B (Low B). Clusters did not differ on demographic or psychiatric variables. The Above Average cluster had better performance on measures of processing speed, working memory, and phonemic fluency compared with the Low B cluster. Results suggest that a subset of patients with mTBI perform poorly on TMT B, which subsequently predicts poorer cognitive functioning on several other neuropsychological measures. This subset may be vulnerable to cognitive changes in the context of mTBI and multiple comorbidities while a number of other patients remain cognitively unaffected under the same circumstances.
While most existing cluster studies have examined neurocognitive heterogeneity in moderate-to-severe TBI, relatively few have addressed such heterogeneity in mild TBI (mTBI). Neuropsychological outcome in mTBI remains an area of interest, and research examining the neurocognitive sequelae of this population has concluded that on average, mTBIs are not associated with neuropsychological impairment after a 3-month recovery period (Babikian et al., 2011; Belanger, Curtiss, Demery, Lebowitz, & Vanderploeg, 2005; Iverson & Lange, 2011) . However, there has also been criticism that even when injuries are classified as mild, individual patients nonetheless exhibit heterogeneous performance on cognitive tests and meta-analytic studies obscure a subset of patients who do suffer impairment past in the 3-month period (Bigler et al., 2013; Iverson, 2010; Pertab, James, & Bigler, 2009 ). Rohling and colleagues (2011) and Larrabee, Binder, Rohling, and Ploetz (2013) recently responded to these criticisms by reanalyzing the data and, after controlling for statistical and methodological differences, demonstrated negligible effect size differences between patients with mTBI and controls. Larrabee and colleagues (2013) also suggested that any observed neuropsychological differences may be related to comorbid psychiatric conditions and Rohling and colleagues (2011) noted several other alternative explanations for abnormal test performances. Regardless, the presence or absence of long-term residual neurocognitive impairment in a subset of mTBI samples remains controversial in the literature.
Research on TMT performance in mTBI populations has indicated that TMT B is sensitive to generalized neurocognitive impairment (Demery, Larson, Dixit, Bauer, & Perlstein, 2010; Nelson, Yoash-Gantz, Pickett, & Campbell, 2009; Sroufe et al., 2010) . This is likely because TMT B assesses attentional switching and cognitive flexibility (Sánchez-Cubillo et al., 2009; Thaler et al., 2012) , among other abilities that are often affected by neurological insult (Bogdanova & Verfaellie, 2012) . The TMT's broad sensitivity to brain impairment makes it an attractive measure to investigate with cluster analysis and identify subtypes of neurocognitive functioning. TMT B may also potentially address the criticism that some of the neuropsychological measures analyzed in prior meta-analyses may not have sufficient sensitivity to detect subtle neuropsychological impairments following mTBI (Bigler et al., 2013) .
Cluster analysis with the TMT has been accomplished in a sample of children who were originally classified with moderate-to-severe TBI at the time of injury and referred for evaluation 1 year later . Three clusters emerged which represented distinct levels of severity that subsequently predicted neuropsychological and academic outcome. The cluster associated with the most impairment was notable for exhibiting a distinctly slow TMT B completion time that deviated from the TMT A to TMT B pattern observed in the other clusters. Results indicated that patients who are initially classified with moderate-to-severe TBI at the time of injury using the Glasgow Coma Scale (GCS) had differential outcomes across academic and neuropsychological measures, although the GCS was insufficient in explaining these outcomes over time. Specifically, the GCS did not statistically differ on many variables, and visual inspection of mean scores indicated substantial overlap in performance between the moderate and severe cases. However, neuropsychological outcomes were representatively reclassified using TMT clusters, with one cluster in particular capturing patients with persistent deficits.
There has yet to be a similar analysis examining subtypes of neurocognitive functioning within an mTBI sample. Such a study is warranted given the TMT's value in identifying neurocognitive impairments in processing speed, sustained attention, and executive functions. Based on the study by Allen and colleagues (2013) , it was hypothesized that clusters will emerge that differ on the level of performance, with poorer performing clusters indicative of poorer neuropsychological outcomes. If certain clusters are linked to poorer neuropsychological outcomes, then these clusters may represent subtypes of patients with mTBI that are particularly vulnerable to changes in performance in the presence of common co-morbidities given the overlapping nature of symptoms in conditions such as mTBI, chronic pain, and posttraumatic stress disorder (PTSD; Otis, Fortier, & Keane, 2012) . It was also hypothesized that Trails B would best differentiate cluster performance. It is uncertain if the clusters would differ on other relevant variables, including length of injury, number of previous injuries, age, or co-morbid symptoms including PTSD and head pain. Identifying such differences would help pinpoint key variables that influence neurocognitive outcome in the poorest performing group. Alternatively, if no such differences were identified, it would suggest that a subset of patients is more vulnerable to cognitive changes regardless of other factors.
Methods

Participants
Participants in this study included 78 veterans (mean age 30.1 years, SD ¼ 7.0; 93.6% men) referred for neuropsychological evaluation following completion of a Comprehensive TBI Evaluation (mean months since injury ¼ 49.6, SD ¼ 25.4) due to least one mTBI (mean injuries ¼ 2.2, SD ¼ 1.8) sustained while on active duty during an OEF/OIF/OND deployment. Participants were selected from a consecutive series of 169 cases presenting with mTBI from the Functional Outcomes Research Team (FORT) study. Participating sites included VA hospitals in Midwestern, Southern, and Western United States. An mTBI was defined based on criteria from Centers for Disease Control and Prevention (2003) : an occurrence of injury to the head with at least one of the following: (i) any period of confusion, disorientation, or impaired consciousness, (ii) any period of memory dysfunction around the time of injury, (iii) loss of consciousness lasting ≤30 min, or (iv) neurological or neuropsychological dysfunction. Exclusion criteria for this study included missing TMT A and B data (n ¼ 1), outlier performance on the TMT A and B defined as 3.0 or more standard deviations from the sample mean (n ¼ 5), and evidence of insufficient effort toward testing on any of three symptom validity measures including the TOMM Trial 2 (n ¼ 27), the WMT Immediate Recognition Trial (n ¼ 81), and the Rey 15 test (n ¼ 11). There were no significant differences between participants who were excluded from those included on age, gender, ethnicity, years of education, or service-connected percentage. This study was approved by the respective Institutional Review Boards and VA Research and Design Committees at each VA site.
Measures
Several neurocognitive measures served as external variables for the TMT clusters. Simple attention was measured with the Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV; Wechsler, 2008) Digits Forward score, while complex attention/ working memory was measured with the WAIS-IV Digits Backward and Digits Sequence score, and the Paced Auditory Serial Addition Test (PASAT; Diehr et al., 2003; Gronwall, 1977) Heaton, Chelune, Talley, Kay, & Curtiss, 1993) .
Current PTSD symptoms were assessed with the Posttraumatic Stress Disorder Checklist (PCL; Weathers et al., 1993) . The severity of current headache pain was assessed with the Headache Impact Test (HIT-6; Bayliss et al., 2003) , while symptom severity and exaggeration were assessed with the Minnesota Multiphasic Personality Inventory-2 (MMPI-2; Butcher et al., 2001 ), F, Fp, and fake bad scale (FBS) subscales.
Effort was assessed with the Test of Memory Malingering (TOMM; Tombaugh, 1996) , the Word Memory Test (Green, 2003) , and the Rey-15 item test (Lezak, 1995) . As stated above, failure on one or more of these measures was used to determine if participants demonstrated adequate effort to be included in the study. This criterion was used in concordance with findings that using specific subtests of effort measures are an appropriate method of screening out poor effort in research protocols (Bauer et al., 2007; O'Bryant et al., 2007) .
Data Analysis
Hierarchical cluster analysis was used with raw total seconds of the TMT A and B tests serving as attributes. A three-cluster solution was specified as this was identified as the best solution in a previous study (Allen, Thaler, Cross, & Mayfield, 2013) , though two-and four-cluster solutions were also examined for comparison. Hierarchical methods join clusters sequentially through a specified clustering method that mathematically defines cluster distance based on a distance coefficient. This study used the Squared Euclidean distance coefficient, as this measure provides a measure of distance between points based in Euclidean space, and is sensitive to level and pattern of neuropsychological data ). Ward's method was selected as the clustering method as it is consistent with cluster methodology in other studies and is resistant to outliers (Morris, Blashfield, & Satz, 1981) .
The two-, three-, and four-cluster solutions were examined for stability. This was accomplished by using an alternative K-means partitional method on the cases and then comparing the hierarchical and partitional methods using Cohen's kappa. The hierarchical cluster means served as cluster centers for the K-means method. The final cluster solution was selected based on cluster stability and the relevance and interest of additional clusters (i.e., additional clusters with few participants or similar performance levels and patterns to previous clusters were not retained).
Once the final cluster solution was established, cluster membership then served as an independent variable that was compared across demographic and clinical variables. Significant differences for any such variables were then included as covariates for subsequent analyses. A cluster by TMT mixed-model ANOVA using TMT T-scores examined between-and within-subject effects of the cluster and TMT variables. Cluster effects are expected given that raw TMT scores were used as the determinants of cluster membership, and so would substantially differ on subsequent analysis. Significant main effects for TMT would be an unexpected albeit interesting finding as this would indicate that the overall means of the standardized scores significantly differed. If this were the case, there may be unexpected influences on TMT scores that affect the sample as a whole. However, significant cluster by TMT interaction effects would be of interest, as they would indicate that cluster membership impacts the relationship between TMT A and B scores.
Clusters were then compared across neurocognitive and self-report measures using MANOVA with scores grouped by cognitive domain followed by one-way ANOVA and post-hoc Tukey tests to identify the clusters' neuropsychological and psychiatric profiles.
Results
Cluster Analysis
The two-cluster solution extracted one cluster (n ¼ 51) with average performance on both TMT A and B (Average; TMT A raw ¼ 22.5 seconds, mean T-score ¼ 52.2; TMT B raw ¼ 50.5 s, mean T-score ¼ 54.2) and a second cluster (n ¼ 27) with low average performance on TMT A (Low B; raw ¼ 28.9 s, mean T-score ¼ 44.0) and well-below average performance on TMT B (raw ¼ 86.4 s, mean T-score ¼ 36.5). The three-cluster solution split the average cluster into a cluster (n ¼ 20) with above-average performance on TMT A and B (above average; TMT A raw ¼ 18.2 s, mean T-score ¼ 58.6); TMT B raw ¼ 39.4 s, T-score ¼ 61.1, and a new average cluster (n ¼ 31) that had average performance on both trails (TMT A raw ¼ 25.2 s, mean T-score ¼ 48.1; TMT B ¼ 57.8 s, mean T-score ¼ 49.8). The four-cluster solution split the cluster with well-below average performance on TMT B. One cluster (n ¼ 21) had low-average performance on TMT A (raw ¼ 29.6 s, mean T-score ¼ 43.4) and well-below average performance on TMT B (raw ¼ 81.5 s, mean T-score ¼ 36.7). The new cluster (n ¼ 6) had average performance on TMT A (raw ¼ 26.5 s, mean T-score ¼ 46.0) and well-below average performance on TMT B (raw ¼ 103.8 s, mean T-score ¼ 35.8).
When compared with their partitional equivalents, all three solutions demonstrated excellent classification rates (two-cluster kappa ¼ 0.92; three-cluster kappa ¼ 0.90; four-cluster kappa ¼ 0.91). The four-cluster solution extracted an additional cluster that had only six participants, representing ,8% of the sample. The new cluster also did not differ in pattern of performance with the cluster from which it split. The three-cluster solution had clusters that each comprised a substantial proportion of the sample (40, 35, 25%), and the split of an average cluster into an above-average and average cluster is theoretically relevant. Based on these findings and those from Allen and colleagues (2013), the three-cluster solution was retained for further analyses. See Fig. 1 for raw scores and T-scores of the three-cluster solution. One-way ANOVA with post hoc Tukey tests indicated that the Above-Average cluster completed the TMT A in significantly fewer seconds than the Average or low B clusters, F(2,75) ¼ 14.6, p , .01, partial h 2 ¼ 0.28. The Above-Average cluster completed the TMT B significantly faster than the Average cluster, which in turn completed the TMT B significantly faster than the low B cluster, F(2,75) ¼ 216.9, p , .01, partial h 2 ¼ 0.85.
Demographic and Psychiatric Variables
The clusters did not differ in age, education, pre-morbid functioning, gender, ethnicity, months since last injury, or total number of injuries. There were no differences among the clusters across the PCL, F(2,73) ¼ 1.2, p ¼ .32 or the HIT-6 Inventory, F(2,75) ¼ 0.6, p ¼ .55. There were also no differences among the clusters across any of the MMPI-2 symptom validity raw scores, including the raw F scale, F(2,75) ¼ 1.5, p ¼ .24, the raw FBS scale, F(2,75) ¼ 0.3, p ¼ .74, or the raw Fp scale, F(2,75) ¼ 1.7, p ¼ .19 (Table 1) .
Neuropsychological Data
A mixed-model ANOVA with TMT as the within-subjects factor and cluster as the between-subjects factor found a significant main effect for cluster, F(2,75) ¼ 47.5, p , .01, partial h 2 ¼ 0.56 but not for TMT, F(1,75) ¼ 0.6, p ¼ .42. A significant TMT by cluster interaction effect was found, F(2,75) ¼ 5.4, p , .01, partial h 2 ¼ 0.13. See Fig. 1 for a plot of the interaction. As seen in Fig. 1 , the Average and Above-Average clusters have similar levels of TMT A and B performance. However, the low B cluster exhibited a notable drop in TMT B performance that explains the interaction effect. Main effects for the TMT indicated that the low B and Average cluster performed poorer on the TMT A score than the Above-Average cluster, while the low B cluster performed poor on the TMT B score compared with the Average cluster, which in turn performed poorer than the Above-Average cluster. A derived B-A score was also calculated to ascertain the degree of impairment associated with TMT B independent of TMT A. A one-way ANOVA confirmed that the Low B cluster performed much poorer than the other clusters on this derived score.
MANOVAs were next run on the neuropsychological standardized scores that were not included in the original analyses. WAIS-IV subtests were converted using the WAIS-IV manual. The most recent Golden norms (Golden, Freshwater, & Golden, 2002) were used for the Stroop raw scores, the modified PASAT short-version norms were used for the PASAT score (Diehr et al., 2003) , and Heaton norms were used for the TMT and COWAT measures. See Table 2 for a comparison of scores.
All measures of processing speed significantly differed, with the Above-Average cluster outperforming the other two clusters on the WAIS-IV subtests and all Stroop trials. The Above-Average cluster also outperformed the Low B cluster on the PASAT (trials 1 and 2) and on the COWAT FAS (Fig. 2) .
The Above-Average cluster had above-average performance on some variables (Symbol Search, Stroop Color/Word) and average performance on other variables. The Average cluster performed 0.8-1.0 standard deviations below the mean on the Stroop Color and Word Reading trials, respectively, but was within normal limits across the other measures. The Low B cluster consistently performed between 0.3 and 1.3 standard deviations from the mean (mean range of T scores ¼ 36.7 -46.2), with performance on the Stroop trials, the PASAT, and the COWAT FAS considered below average. 
Discussion
The TMT remains an integral part of standard neuropsychological assessment for its brevity, established research base, and sensitivity to brain dysfunction. TMT B in particular is an established broad measure that is sensitive if not specific to generalized cognitive impairment (Lange et al., 2005; Sánchez-Cubillo et al., 2009; Thaler et al., 2012) . This study is one of the first to cluster analyze TMT scores into distinct profiles that reflect general levels of cognitive functioning for mTBI, and provides results consistent with findings from a moderate-to-severe pediatric TBI sample by demonstrating that heterogeneity in TMT performance also exists in mTBI (Allen, Thaler, Cross, & Mayfield, 2013 ). In the current sample, three TMT clusters were identified, two are defined by similar levels of performance and a third by a deviated TMT B score. The Above-Average cluster represented individuals who scored above expectations on measures of processing speed and executive functions, as in part demonstrated by their overall better performance on the WCST compared with the Average cluster. This cluster consisted of 26% of the sample with a mean TMT A score at the 75th percentile and a mean TMT B score at the 86th percentile, which might be reasonably expected on a normal distribution curve. The Average cluster generally performed at mean levels, suggesting that this represents individuals with unremarkable neurocognitive functioning. However, patients in the Low B cluster score exhibited additional weaknesses on measures of processing speed, working memory, and verbal fluency. Patients in this cluster represented 35% of the total sample but obtained TMT B scores that were on average at the 8th percentile, a four-fold increase of prevalence than would be expected in a normal curve.
Neuropsychologists often use the TMT to obtain an estimate of general neuropsychological functioning and the obtained profiles here may provide a useful reference of TMT scores that might be expected in similar populations. Patients with scores that are similar to those observed in this study may in turn have similar expected above-average, average, or below-average performance on other neuropsychological measures. From a clinical perspective, neuropsychologists may therefore note that a below-average TMT B score and comparatively spared TMT A score is a useful indicator of weaknesses in other neuropsychological tasks. For example, individuals in this cluster were on average at the 16th percentile for the COWAT FAS and the 18th percentile for the PASAT. As these tests measure more than simple processing speed, there is support that individuals in the Low TMT B cluster have deficits in other neurocognitive domains. Researchers may also find the associated weaknesses in the Stroop, WAIS-IV PSI, PASAT, and COWAT FAS as further evidence that these measure covary with the TMT B in some patients presenting with neuropsychological complaints.
As these patients were assessed on average 2 -6 years after their last injury, results suggest that a subset of patients who have sustained at least one mTBI demonstrate some lower than expected neuropsychological functioning even after demonstrating good effort on three symptom validity tests. This issue has been previously raised (Iverson, 2010) . This study provides some of the first evidence that TMT profiles can characterize functioning in other neurocognitive domains. As the clusters did not differ on relevant demographic, clinical, or psychiatric variables, findings suggest that the TMT and particularly the TMT B can provide valuable clinical information for veterans presenting with mTBI. In addition, there are clear subsets of patients who demonstrate average to above-average performance on nearly all neuropsychological variables, confirming what has been repeatedly shown in the literature on mTBI, that many patients presenting with mTBI years after injury demonstrate no residual cognitive deficits (Babikian et al., 2011; Belanger et al., 2005) . What is less clear, however, is why a subset of individuals with no differences in demographic variables, injury characteristics, psychiatric symptoms, or ratings on a screening for headaches would perform significantly differently than others in that cohort. This may in part be a reflection of the complications involved in assessing mTBI, which incorporates retrospective interviews regarding the loss of consciousness, amnesia, and transitory neurologic symptoms that are cardinal signs of mTBI (Ruff & Jamora, 2009) .
Results raise several possible hypotheses regarding cognitive changes following mTBI. It is possible that the Low B cluster may represent individuals who exhibit natural variability of neuropsychological functioning independent of injury history, and so happen to have lower than average performance on constructs assessed by the TMT B. Though this is certainly possible, the unique pattern observed with a spared TMT A and deviated score on TMT B and the B-A derived score, the relatively large proportion of participants in this cluster, as well as the comparable estimated premorbid IQ across groups, do suggest that factors beyond simple normal variation are involved. Another possible hypothesis is that these patients are more vulnerable to their polytrauma comorbidities; that is, though no differences in severity of psychiatric impairments or headaches were observed, these patients respond more negatively to their comorbid headaches and/or PTSD which in turn affect their performance. There are complex relationships between deployment-related factors and current health status (Vanderploeg et al., 2012) and some patients may be more cognitively vulnerable to such factors (Larrabee et al., 2013) . In line with this, it is possible that additional variables, such as medication effects, substance abuse, and comorbid medical conditions, have an interaction effect with the TMT B and associated neuropsychological functioning. Finally, the TMT B has been noted to increase visual interference and have increased response distance among stimuli, which in turn affect individuals with naturally slower psychomotor speed or visual scanning (Strauss, Sherman, & Spreen, 2006) .
There remains the possibility that a subset of patients continue to have residual cognitive impairment following multiple uncomplicated mTBI (Iverson, 2010) . This statement must be couched with significant caution, as the deficits observed in the Low B cluster were mild and may have minimal real-world implications. Other studies have found that such residual cognitive weaknesses are not substantial in nature, if present at all (Belanger et al., 2005; Schretlen & Shapiro, 2003) though these papers have been criticized as obfuscating individual differences through group analyses and neglecting a portion of patients who do have persisting weaknesses (Bigler et al., 2013; Iverson, 2010; Pertab, James, & Bigler, 2009 ). This study then may address such a limitation, as cluster analysis classifies cases into smaller homogeneous clusters, some which may represent lower functioning subtypes that do not emerge when combined with higher functioning groups. Rohling, Larrabee, and Millis (2012) recently argued that the effect sizes of any such subgroup would be negligible. Of interest, the differences in our groups indicate moderate-to-large effect sizes on some neuropsychological variables, particularly on the Stroop and PSI measures.
Regardless, further research is required to better understanding and characterize this Low B subgroup. This cluster should be replicated across other samples of patients presenting with mTBI and externally validated with relevant variables useful for functional capacity and outcome, to confirm or refute that the observed cognitive differences provide meaningful long-term outcomes. If this cluster does represent patients who exhibit residual cognitive deficits of executive functions, these patients may exhibit weaknesses on experimental laboratory and event related potential measures. Establishing a tie between this cluster and such measures may provide evidence that cognitive dysfunction secondary to injury is present in a subset of mTBI patients despite a lack of structural neuroimaging findings.
This study was limited by the unavailability of additional data such as medication use and comorbid medical conditions. As mentioned, it is possible that these may in part influence cluster membership, though the lack of differences on available demographic and clinical variables among clusters suggests any such influence is minor. Another limitation is that the TMT and particularly the TMT B is a very broad measure of cognitive functioning and not specific in the nature and severity of cognitive impairment. The aforementioned replication and external validity studies are therefore all the more crucial before any definitive statements about the nature and predictive outcome of the Low B cluster are made. Cluster analysis itself is a descriptive and datadriven statistical tool that alone cannot explain heterogeneity, but rather must be based on theory or existing studies (Cross, 2013) . Continued replication of the identified TMT clusters is therefore requisite for further interpretation. Despite these limitations, these findings provide preliminary evidence that a subtype of patients referred for mTBI present with poorer performance on the TMT B, which in turn associates with other neuropsychological measures of processing speed, fluency, and executive functions. These patients may represent individuals with particular vulnerability to cognitive dysfunction, which may be related to associated comorbid conditions, natural variation, or residual impairment resultant of the brain injury. 
